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ALPHA-GAMMA ANGULAR CORRELATIONS IN THE REACTION
CARBON-12 (a, 0'74.433 N\eV)

by William M. Stewart, Norton Baron, Richard C. Braley,
and Regis F. Leonard

Lewis Research Center

SUMMARY

The angular correlation between inelastically scattered 41. 2-MeV alpha particles
and gamma rays emitted in the decay of the target nucleus has been measured for alpha
scattering angles between 26° and 95°. The results are given in the form of symmetry
angles of the gamma-ray distribution for a fixed alpha scattering angle and the ratio of
isotropic to anisotropic components. All measurements are in the plane of the original
alpha scattering. In an auxilliary experiment the cross sections for both the elastic and
inelastic (Q = -4. 433 MeV) scattering have also been measured over the angular range
2.5% < Ga < 170°. The results of both the cross section and angular correlation meas-
urements are compared with calculations based on the optical model and distorted-wave
Born approximation. Neither these nor coupled-channels calculations are able to predict
both the cross sections and angular correlations accurately.

INTRODUCTION

The angular correlation between inelastically scattered alpha particles and the
gamma rays emitted in the subsequent decay of the excited nuclear state is a quantity
that should be sensitive to the details of any calculation that attempts to describe the
scattering process. This was shown in earlier work (refs. 1 to 3), where considerable
derivation was observed from the predictions of the simple theories (plane-wave Born
approximation and adiabatic approximation; refs. 4 and 5) which are usually able to pre-
dict the main features of differential cross sections for elastic and inelastic scattering.
In particular, the correlation pattern exhibited rapid reverse rotations rather than the
slow forward ones predicted. At forward scattering angles this behavior could be qual-~
itatively explained using the Wills-Cramer (ref. 6) or Inglis (ref. 7) models. In addition



a quantitative description could be obtained using a distorted-wave Born approximation
(DWBA) calculation. The present experiment was undertaken in order to determine
whether this rapid reverse rotation persists at alpha-scattering angles larger than those
measured in reference 1. Such information should be helpful in obtaining an understanding
of the scattering of the alpha particles from carbon-12 and also in understanding the
structure of carbon-12 (if calculations become available which are structurally dependent).
In the present experiment the angular correlation between inelastically scattered alpha
particles, which produce excitation of the 4.433-MeV state of carbon-12, and the 4.433-
MeV gamma, which is emitted in the decay of that state, was measured. The use of a
multiple detector arrangement resulted in reduced data-taking times which permitted both
verification of the results of reference 1 and their extension to alpha-scattering angles of
approximately 959,

In order to compliment this increased angular range of the correlation data, elastic
and inelastic cross sections were measured over an extended angular range. Using a
four-detector arrangement, cross sections were measured from 16° to 170° in incre-
ments of 1° or 2°. In addition, using a single detector, measurements were made at
forward scattering angles as small as 2. 5°. In the course of these measurements,
cross sections were also obtained for the 7. 65- and 9. 61-MeV levels.

The data obtained have been compared with DWBA predictions using both the opti-
cal potential presented in reference 1 and using new optical potentials derived to fit the
more extensive cross-section data reported here. A number of coupled-channels calcu-
lations were also done in an attempt to obtain better descriptions of both cross-section

and correlation data.

SYMBOLS

A magnitude of isotropic component of alpha-gamma correlation function

a. diffuseness of form factor for imaginary part of optical model potential
a_ diffuseness of form factor for real part of optical model potential

B magnitude of anisotropic component of alpha-gamma correlation function
excess of final kinetic energy over initial kinetic energy in nuclear reaction

r. radius of form factor for imaginary part of optical model potential

r_ radius of form factor for real part of optical model potential

(o]

strength of real part of optical potential

strength of imaginary part of optical potential

g <



W(Gy) correlation pattern in reaction plane

6 o symmetry angle of alpha-gamma correlation function
Ga scattering angle for alpha particles in center-of-mass system
0 angle of emission of gamma ray, relative to incident beam direction

Y
do/dsz differential cross section
2

X a measure of statistical goodness of fit

EXPERIMENTAL ARRANGEMENT
Angular Correlation

The system for handling the 41. 2-MeV alpha-particle beam of the NASA 1. 5-meter
cyclotron has been described in detail previously (ref. 8). Neither the slit system, the
beam catcher, nor the shielding system have been changed. An overall diagram of the
experiment is shown in figure 1.

Gamma-ray detection was provided by a 7.62- by 7. 62-centimeter sodium iodide
(T1) crystal 12.7 centimeters from the target, so that the detector face subtended a full
angle of about 350, and covered about 2. 2 percent of the total sphere. The gamma spec-
trum seen on bombardment of the carbon-12 target is shown in figure 2.

For the present experiment, an array of 13 lithium-drifted-silicon detectors was
used for alpha-particle detection. The full angular resolution of the individual alpha de-
tectors was 1°. Spacing between detectors was 4°. An overall block diagram of the
electronic system is shown in figure 3. The individual alpha-particle signals enter the
16-channel router where they are amplified and added. The outputs of the router, in
turn, feed a timing circuit and an energy analysis circuit. The linear signals are ana-
lyzed and stored in one of the sixteen 256-channel subgroups of the multichannel pulse-
height analyzer, provided they occur in time coincidence with a gamma of the proper
energy, as determined by a single-channel pulse-height analyzer. The coincidence
circuit for the experiment was a standard parallel fast-slow arrangement with a resolv-
ing time of 40 nanoseconds, which is smaller than the time (100 nsec) between beam
pulses of the cyclotron.

A more detailed diagram of the 16-channel router is shown in figure 4. Each alpha
particle signal has its own amplifier system, which produces two outputs. One of these,
the output of the first stage, is unshaped and is used to provide timing for the alpha side
of the coincidence circuit. The other output of the channel amplification system has
been shaped so that the best possible energy resolution may be obtained after mixing.
The remainder of the router consists of two operational amplifiers into which the timing

3



" Concrete -

Lead, iron,
carbon paratfin -

Lead shielding yau Gamma detector
\ /

N dpste—s = 7
N s
\’,

N

Quadrupole o
Lead—\ . Magnet
R @ % Sit s,
300
. e — - — 366 - e
Boron-loaded water AN //,g N
.
\ . i Slit 5y
\ l Scattering chamber
*— Faraday cup
L— Alpha detectors
o - 180+ CD-9743

Figure 1. - Schematic diagram of scattering system. (All dimensions are in centimeters.)
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Figure 2. - Gamma ray spectrum resulting from bombardment of carbon-12 with 41-MeV alpha particles.

and energy signals are mixed and the logic that is needed to insure that the signals are
stored in the proper subgroup of the multichannel analyzer. Principally, this logic
consists of a series of gates which allow a signal to be stored in the analyzer only if

(1) no pulse has occurred simultaneously in another channel, (2) the analyzer is prepared
to analyze a pulse, and (3) there has been an output from the slow coincidence circuit
(indicating that a gamma signal has occurred simultaneously and that both the alpha and
gamma were of the energies of interest). If all of these conditions are satisfied, a gate
pulse is transmitted to the analyzer's coincidence input, a routing pulse is generated,
and a '"'live count'' output is generated. The ratio of the number of live counts to the
total number of coincidences then yields the dead time correction, that is, the percent-
age of counts that are lost either because the analyzer is busy or because pulses have
occurred simultaneously in two alpha detectors.

The target for these measurements was a 1 milligram per square centimeter nat-
ural carbon foil.
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Cross Section Measurements

Cross sections have been measured for elastic scattering of 41. 2-MeV alpha par-
ticles and for inelastic scattering with excitation of the 4. 433-, 7.65-, and 9.61-MeV
states of carbon-12. For angles greater than 160, the experimental arrangement was
identical to that previously described for this type of experiment (ref. 9). A four-
detector mount was used with each detector having a full angular resolution of 0. 59,

The target used was a 270-microgram-per-square-centimeter natural carbon foil. For
most of the experiment the energy resolution was about 250 keV.

For the extreme forward angles a single detector was used at the largest radius
(750 mm) permitted by the scattering chamber. At this radius the detector slits em-
ployed (2 by 6 mm) subtended an angle of 0. 07° in the horizontal plane. At the foremost
angle examined (29 the vertical height of the slit increased the angular resolution by
only 0. 010, assuming a point source on the target and parallel beam. For the worst
possible geometric errors (a 0. 50° vertical divergence in the incident beam and a 6-mm
high beam spot) all particles that enter the detector have still been scattered through_
angles between 1. 93° and 2. 28° when the detector is set at 2°. Corrections for right-
left errors in the incident beam direction were made by scattering on both sides of the
beam. This resulted in a 0. 17° correction to the alpha-scattering angle.

The cross sections (in mb/sr) and their statistical errors are listed in table I. In
addition there is a systematic error of approximately 5 to 10 percent in the cross sec-
tions for elastic scattering and scattering to the first excited state due to uncertainties
in target thickness. For the 7.65- and 9. 61-MeV states this additional error is prob-
ably 10 to 15 percent because of the uncertainties in separating the peaks from the back-
ground which exists at the lower alpha energies where these peaks appear.

DATA-TAKING PROCEDURES AND DATA REDUCTION FOR
ANGULAR CORRELATION MEASUREMENTS

Data were taken over the angular range 45° < 9= 135% and 26° < Ga = 95° Meas-
urements were made in 10° intervals of the gamma angle and in 2° intervals in the
alpha-scattering angle. Typical alpha-particle energy spectra with and without a coin-
cidence requirement are shown in figure 5. The size of the elastic scattering peak in
the coincidence spectrum determines the number of random coincidences that occur, as
explained in reference 8. The incident beam current for most runs was between 10 and
15 nanoamperes, which resulted in a true-to-chance ratio between 1:3 and 3:1.

Coincidence yields were normalized from run to run by using the output of a monitor
counter which was fixed at a 35° angle below the beam line in the forward direction.

8
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Several gamma-ray correlation patterns are shown in figure 6. The line indicated
on these figures results from a least squares fit to the data using the known (ref. 8)
form of thg correlation function in the reaction plane

W) =A+B sinzz(ey -6,

In addition, the data were corrected for the finite solid angle of the gamma detector
using the method outlined in references 6 and 3. This correction is not shown in fig-
ure 6. The measured symmetry angles and geometry-corrected ratios A/B are listed
in table II. They are also shown together with the earlier data of Hendrie (ref. 2) in
figures 7. Both the symmetry angles and A/B ratios exhibit reasonably good agree-
ment with Hendrie's measurements where there is overlap.
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Figure 7. - Experimental resuits of reaction carbon-12 {a, a'y} at scattering energy
of 41.2 MeV.
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COMPARISONS WITH THEORY

Optical Model and Distorted Wave Born Calculations

Conventional optical model calculations and distorted-wave Born calculations
(DWBA) have been carried out using five different optical potentials. These are listed
in table III.

The actual calculations were carried out using the computer programs SCAT4
(ref. 10) and DRC (ref. 11).

The first potential tested was that published by McDaniels et al. (ref. 1), and it is
listed as potential A in table III. This potential was derived to fit only the forwapd

103 =

- O Data DWBA calculation using
B Calculated cross section potential A in both incident
using potential A and exit channels

——-— DWBA caiculation using po-
tential A in incident chan-
nel; potential derived from
35.5-MeV data in exit
channel

102

10!

Differential cross section, do/dQ, mb/sr

100

S T T
160 180 0 20 4 60 8 100 120 140 160 180
Center-of-mass scattering angle, 6, deg

107!
0

80 100 120 140

(a) Elastic scattering. (b} Inelastic scattering fo 4. 433-MeV state of carbon-12.

Figure 8. - Cross section for scattering of 41.2-MeV alpha particies from carbon-12. Four-parameter optical
potential A.
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Figure 8. - Concluded.

angle (ea = 600) data and gave reasonably good fits to all of the data (elastic cross sec-
tions, inelastic cross sections, and correlation data) in that angular range. This is
shown in figure 8. Comparison with the newly acquired data, however, indicates that
at larger angles there is considerable divergence between the theoretical prediction and
the experimental data. This is particularly noticeable in the inelastic cross section
and the correlation data. Experimentally, the inelastic cross section rises at back
angles, while the calculated cross section continues to fall. As for the correlation data,
this potential predicts a continuation of the rotations present at the more forward angles
angles, but the symmetry angle in fact ceases rotating beyond about 60°.

The first attempt to improve the theoretical predictions consisted of searching for
a new potential using as a starting point the parameters of McDaniels et al. (ref. 1) and
then minimizing xz as calculated over the entire angular range of available data. The
first such searches using all of the data indicated that data at deep minima in the elas-
tic cross section were contributing disproportionately to the value of X2‘ Inasmuch as
these are the data in which the least experimental confidence is justified (because of the
steepness of descent to the minima and the effects of finite angular resolution), the
data at 18.80°, 37.18°, 53.81°, 99.35° 101.46°, and 158. 35° were not included in the
searches that are reported here. Potential B (table III) which resulted from using
McDaniels parameters as a starting point was used to calculate the elastic and inelastic

12



10

Cross section DWBA calculation with potential B
in both entrance and exit channels
O  Data . DWBA calculation with potential B
Calculated using i entrance channel, potential
potential B derived from 35.5-MeV data in

exit channel

102
5
[S
o
=l
B
=3
2
g 1w
(%}
2
5
s
=
L4}
8
S
/o)
100 D 8
o &
Q
o)
o)
ol | [ T R B
0 20 40 60 8 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180

Center-of-mass scattering angle, 8y deg
(a) Elastic scattering. (b) Inelastic scattering to 4. 433-MeV state of carbon-12.

Figure 9. - Cross section for scattering of 41. 2-MeV alpha particles from carbon-12. Four-parameter optical po-
tential B.

cross sections as well as the symmetry angle of the angular correlation pattern shown
in figure 9. 1t is clear that this process has improved the fit to the elastic data con-
siderably (x2 is reduced by more than a factor of two), especially at the back angles.
With the inelastic cross section a similar situation exists, and, although the fit is still
rather poor, the overall magnitude at back angles is much closer to the experimental
data than that predicted by the original potential of McDaniels et al. (ref. 1). The qual-
ity of fit to the correlation data, however, has deteriorated considerably compared with
the original calculation.

As a result of this deterioration, a new potential was sought. For this purpose, a
series of searches was conducted in which the nuclear radius constant was held fixed at
values between 1. 2 and 2. 0 femtometers, while V, W, and a were optimized. The

13
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final values, which resulted from this procedure, were then used as the starting values
in a series of searches in which all four potential parameters were allowed to vary. Of
the parameters obtained in this way, only two sets gave good fits to the elastic scatter-
ing cross section. These two are listed in table III as potentials C and D. The first
of these is virtually identical to that which resulted when McDaniels' potential was used
as a starting value. Potential D gives nearly as good a fit to the elastic cross section
(x‘2 is 14 percent larger than that obtained using potentials B and C). However, the
inelastic fit is slightly poorer than potential C, while the correlation pattern calculated
using potential D bears absolutely no resemblance to the experimental data. This is
shown in figure 10.

Another series of searches similar to that just described was also conducted in
which the depth of the nuclear potential was fixed at 150 and 200 MeV while the nuclear
radius was varied in steps of 0. 2 femtometer between 1.0 and 2. 0 femtometer and the
imaginary strength and diffuseness were automatically optimized. The two best of these
10 results were then used as starting values in searches in which all four parameters
were allowed to vary. One such result is listed in table IIT as potential E. The com-
parison of this prediction with cross section and correlation data is not shown, inasmuch
as it represents no great improvement over the potentials for which these are shown.

14
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Figure 10, - Cross section for scattering of 41.2-MeV alpha particles from carbon-12. Four-
parameter optical potential D.
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The last potential listed in table III, potential F, allowed the real and imaginary
parts of the optical potential to have different radii and diffusenesses. The parameters
listed there result from starting from the best four-parameter potential (potential C)
and allowing all six parameters to vary. The results are shown in figure 11. The val-
ues listed in table Il gave a minimum in x2 which was only 5 percent lower than could
be obtained with a four-parameter potential. The inelastic cross section is fit no better
than with potentials B and C, and there is little improvement in the fit to the correla-
tion data. Thus it appears that very little is gained by using a six-parameter potential.

The final attempt to improve the optical model calculations consisted of changing the
optical potential employed in the exit channel of the DWBA calculation. Because of the
high negative Q-value, outgoing alpha particles have a center-of-mass energy of only

10° Cross section

O Data
Calculated using
potential F

—

Differential cross section, do/dQ, mblsr

I [ [ (N IR

] , N I A
0 20 4 60 8 100 120 140 160 180 0 20 40 060 8 100 120 140 160 180
Center-of-mass scattering angle, 8, deg

107!

(a) Elastic scattering. {b) Inelastic scattering to 4.433-MeV state of carbon-12,

Figure 11. - Cross section for scattering of 41. 2-MeV alpha particles from carbon-12. Six-parameter optical po-
tential F.
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about 20 MeV which corresponds to an energy of 35. 5 MeV as seen by the recoiling car-
bon nucleus. Data for the elastic scattering of 35. 5-MeV alpha particles are available
(ref. 12) so attempts were made to find an optical potential which describes these data.
The potential which resulted was V = 85.96 MeV, W = 13.3 MeV, a,= 0.421 F,

RO = 1.695 F. The results which were obtained when this potential was used in the exit
channel of the DWBA calculation are shown by the dashed lines in parts (b) and (c) of
figures 8 to 11. 1t is clear that no very great changes are made and that in some cases
(e.g., the correlation pattern as predicted by potential B) the results are definitely in-

ferior.

Coupled-Channel Calculations

One possible reason for the failure of the DWBA calculation to fit the observed data
is the fact that it treats the inelastic scattering as a perturbation, with the optical model
parameters being determined entirely by the elastic scattering. Examination of the
magnitudes of the scattering cross sections will indicate that this is a rather poor ap-
proximation since the elastic cross section is a factor of 10 smaller than the inelastic
at back angles. It seems logical then to attempt to fit the data using a coupled-channels
calculation which treats the elastic and inelastic scattering on an equal basis. The

17
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available coupled-channels computer program, unfortunately, requires that the excited
nuclear states be described as either rotational or harmonic oscillator states. It is
well known that such descriptions are not adequate for carbon-12, so that coupled-
channels calculations were not vigorously pursued. For the few calculations which were
performed, the EOM program of Wills (ref. 13) was used, with the 4. 43- and 7. 65-MeV
excited states of carbon being described as vibrational states of spin 2% and 0+, respec-
tively. Initial calculations were carried out coupling the ground state (O+), the 4. 433-
MeV (2%), and the 7.65-MeV (0™) state. These proved to be rather time consuming, so
that further calculations were done involving only the ground and first excited states,
with the intention that any promising results would then be used as a starting point for
calculations which coupled three states. Unfortunately, no results were ever found that

103 —
— Cross section
L — (@] Data
j - Coupled-channels
| calculation
(e}
0l 1%

Differential cross section, do/d®, mb/sr
=3

109

I I Y R B ' | JNUR T I ) (RN TN N B
20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
Center-of-mass scattering angle, 8y, deg

10 1L
0

(a) Elastic scattering. (b Inelastic scattering to 4. 433-MeV state of carbon-12,

Figure 13. - Cross section for scattering of 41. 2-MeV alpha particles from carbon-12. Coupled-channels calcula-
tion with V = 37.0 MeV; W=19.0MeV; r,=1.75fm; a, = 0.45 fm; and B = 0.40.
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(c) Gamma-ray symmetry angle.

Figure 13. - Conciuded.

could be considered promising. In fact no great improvement could be made over the
simpler DWBA calculation. Although a reasonable fit could be obtained to the correla-
tion data (as shown in fig. 12), it was only at the expense of the quality of the fit to the
cross section data. Attempts to improve the fit to the cross section data were invari-
ably injurious to the correlation fit. In general, it appeared that a real well depth near
24 MeV (as suggested by McDaniels in ref. 1) gave the best fits to the correlation data,
but very poor fits to the cross section data, particularly at back angles. A potential
depth of about 37 MeV, however, as was needed to represent the back angle cross-
section data gave extremely poor correlation predictions. This is shown in figure 13.
The other parameters used in these coupled-channels calculations are listed on figures

12 and 13.

DISCUSSION
Experimental

The cross section data obtained here are in reasonable agreement with those which
have previously been obtained, although the maximum in the 4. 433-MeV inelastic scat-
tering observed near 55° by Naqib (ref. 14) is not so pronounced as he reported. This
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difference may be attributable to the small difference in incident alpha energy between
Naqib's data (42 MeV) and those reported here (41.2 MeV). At back angles the data
are reasonably similar to those of Yavin and Farwell (ref. 15).

Angular correlation data, likewise are similar to those of McDaniels (ref. 1) at
forward angles where they overlap. At back angles, however, beyond the range studied
by Hendrie, it appears that the rapid reverse rotations cease to occur, being replaced
by slower oscillations about the adiabatic prediction.

Possible Reasons for Failure of Theory

The agreement between theory and experiment is generally poor for the elastic and
inelastic angular distributions as well as the angular correlation. While it is possible
to obtain reasonably good fits to the elastic scattering at angles below approximately
600, the inelastic distribution in this range cannot be predicted with any great accuracy.
In some instances (figs. 8 and 12), it was found that the predicted symmetry angles
showed the proper rapid rotation at angles below 60° or 700, however, at larger angles
the agreement was poor in all cases. All the calculations reported here are carried out
using a description of the target nucleus which is based on a macroscopic collective
model and a description of the scattering in terms of an optical potential. It seems
probable that one of these two assumptions is more likely responsible for the failure of
the theory to fit all of the data simultaneously.

It is well known that the macroscopic model is inadequate for nuclear structure cal-
culations. The calculation of detailed properties of the nucleus such as energy levels,
quadrupole moments, and E2 transition rates requires microscopic descriptions. De-
tailed calculations of the structure of carbon-12 have been made using Hartree-Fock
wave functions, and the results (ref. 16) compare favorably with experiment. Some pre-
liminary calculations of alpha-particle scattering cross sections for carbon-12 and
magnesium-24 have been made in which microscopic wave functions were used, how-
ever, it was found that the use of these wave functions does not improve the overall re-
sult (ref. 17).

One is led then to question whether the use of the optical model is realistic. Since
the optical model is basically statistical, it should not be surprising to find it difficult
to predict the elastic and inelastic cross sections for a system with only 12 particles.
However, if we wish to obtain sufficient information to determine whether the optical
model is at fault, then a much more detailed calculation is required (ref. 18). Essen-
tially, one must calculate the scattering wave functions by using an effective potential
which is computed in terms of the projectile-target interaction and the target wave func-
tion. For the case of interest here (120), there are sufficiently few nucleons involved
that a realistic calculation could be done. The alpha-particle model of carbon-12 has
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met with some success in structure calculations (ref. 19), and wave functions obtained
from such a model are compatible with the type of calculation suggested. Furthermore,
the use of such a wave function would make it a simple matter to examine exchange effects
that may be important if the alpha-cluster model is a good representation for carbon-12.
The projectile-nucleus interaction may be replaced by a sum of alpha-alpha interactions,
and the effective potential calculated in terms of these. If an approach of this type does
not improve the results significantly then the reaction mechanism must be questioned for

the light nuclei.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, August 26, 1969,
129-02.
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TABLE I. - DIFFERENTIAL CROSS SECTIONS AND STATISTICAL ERRORS

FOR SCATTERING OF 42-MeV ALPHA PARTICLES BY CARBON-12

Center-of-
mass
scattering
angle,
ecnf
deg

. 84
17
50
.84
.17

9. 50
10. 83
12. 16
13. 49
16. 15

18. 80
21.48
24.09
26.72
29.35

31. 97
34. 58
35. 88
37.18
38. 48

39.77
41. 06
42. 35
43. 64
44. 92

46. 20
47. 48
48.175
50. 02

51,28

52. 55
53.81
55. 07
56. 32

Differential
cross section,
do/de2,
mb/sr

311 060+1330
63 330+300
21 110+100
10 88070

7 230240

4 98030
3 540120
2 240+20
1 40010
332. 244.

[ay

14. 910.
40. 90.
125, 3+0.
149. 7+0.
111. 740.

N = w ©w u»m

[u—y

90. 3=0.
10.8+0.1
2.36+0.03
0.502+0.012
3.17+0. 06

8.77+0.05
14, 2x0.
18. 8+0.
21. 7+0.
22. 0+0.

=N e

20. 410,
17. 120.
13. 740.
10. 60.

—_ e e

7.37+0.07

5.48x0. 03
4.61+0.08
5.11+0.03
6.18+0.09

{a) Elastic scattering

Center-of-} Differential
mass cross section,

scattering do/d,
angle, mb/sr
ecm’

deg

57. 56 7. 840, 03
58. 81 9. 8340, 12
60.05 11.50. 1
61.29 12.9+0. 1
62. 52 13.3+0. 1
63.75 13.410. 1
64.97 12.7+0. 1
66.19 12.0+0. 1
67. 40 10.210. 1
68.62 8.9810. 12
69.83 7.43+0. 03
71.03 5. 86:0. 09
72.22 4. 5310, 02
73.41 3. 40+0. 07
74.60 2. 99+0. 02
75.78 2.49+0, 06
76. 96 2. 2040, 02
78.13 1. 9920, 06
79.30 2. 1340, 01
81.62 2.04+0.01
83.91 1. 9540, 01
86,18 1.66+0.01
88. 44 1. 39+0. 01
90. 67 1. 06+0. 01
92. 87 0. 785x0. 009
95.05 . 5440, 008
97.21 . 383+0. 006
99,35 . 3150, 006
101. 46 . 321+0. 006
103. 54 . 475+0. 007
105. 60 . 6460, 008
107.64 . 8900, 010
109. 65 .988+0. 010
113. 60 .9?310.010

Center-of-

mass

scattering

angle,

6

cm’

deg

115.
117,
119.
121.
123.

124.
126.
128.
130.
131.

133.
135.
136.
138.
140.

141.
143.
144,
146.
148.

149,
151,
152.
154,
155.

156.
158.
162.
163.
165.

168.
169.
170.

54
46
35
21
05

817
67
44
18
91

62
30
96
60
22

83
41
97
52
05

57
07
55
02
48

92
35
58
97
35

09
45
80

Differential
cross section,

0.077220. 0233

do/dg,
mb/sr

. 78410, 010
. 597+0. 008
.450+0. 008
. 441+0. 008
. 437x0. 008

. 50310. 008
. 5860, 090
. 69310, 001
.74010. 011
.69140. 010

. 59510.010
. 546+0. 010
. 508+0. 010
. 462+0. 009
. 457+0. 009

.520:0.010
.635+0. 012
.686+0.012
.704+0.014
.732+0. 020

. 7100. 015
.643+0.019
. 509+0. 014
.4300. 022
. 248+0.010

. 193+0. 026

. 27220.010
. 324+0. 024
.63820.015

1.03+0. 02
1.15+0.02
1.38+0. 02




TABLE I. - Continued. DIFFERENTIAL CROSS SECTIONS AND STATISTICAL

ERRORS FOR SCATTERING OF 42-MeV ALPHA PARTICLES BY CARBON-12

Center-of-
mass
scattering
angle,
ecm’
deg
.61
.91
33
.69
.04

-0 0 O U,

[y

13.76
16. 46
19. 17
21.87
24. 56

27.24
29. 92
32.59
35.25
36. 58

37.90
39. 22
40. 54
41. 87
43. 17

44, 48
45.179
47.09
48. 39
49. 68

50. 98
52. 27
53. 55
54. 84
56. 11

57.39
58. 66
59. 92
61.18
62. 44

Differential
cross section,
do/dq,
mb/sr

88.4516. 45
56. 64x4. 86
47.85+3. 15
39.71+2. 89
33.32+1.78

34.71+1. 41
43.54£2.81
37. 5410, 86
30. 1320. 75
19. 2910, 134

12. 1920, 035
9.779x0. 052
11. 06x0. 055
13. 59+0. 064
14. 1910, 060

14. 05+0. 062
13. 56+0. 131
12. 36x0. 062
10. 1810, 067
9.292+0.055

.810+0. 101
. 5110, 042
.614+0. 062
. 820+0.034
627+0. 079

B o O

. 15310, 026
. 17320. 055
. 0000, 022
. 9730.074
. 925+0. 024

(2

.827+0.073
. 543+0. 021
. 58110. 070
. 32810, 022
. 385+0. 068

W W W w W

Center-of-
mass
scattering
angle,
ecm’
deg
63.69
64. 94
66. 18
67. 42
68.65

69. 88
71.11
72.33
73.54
74.15

75.95
77.15
8. 34
79.53
80.71

83.06
85. 38
87.67
89.95
92.20

94. 42
96.62
98.179
100. 94
103. 06

105. 16
107. 22
109. 26
111. 28
113, 26

115. 22
117. 16
119. 06

Differential

cross section,

do/dQ,
mb/sr

.022:0. 017
. 149+0. 066
.072+0. 021
. 224+0. 067
. 174+0. 017

W W W oW W

.495+0. 071
.615+0.018
. 79220, 075
. 901+0. 020
. 282:0. 080

W W W W

. 550+0. 020
. 887+0. 086
.074+0. 023
48410.093
. 942+0. 024

.283x0. 024
. 55310, 026
. 28410.025
.871+0.023
.25720.023

oo O D

713+0. 021
. 41240, 022
. 4710. 021
. 574+0.021
528+0. 022

N N N N

565£0. 022
497+0. 022
545+0. 022
. 50510, 022
.760+0. 023

s

(3]

. 024+0. 024
5. 101+0. 026
5.0360. 025

Center-of-
mass
scattering
angle,
gcnv
deg
120. 94
122.79
124.62
126. 42
128. 20

129. 95
131.68
133. 38
135. 06
136.71

138. 34
139. 95
141. 54
143. 11
144. 66

146. 18
147.69
149. 18
150. 66
152. 11

153. 55
154. 98
156. 39
157.178
159. 17

161. 90
163. 25
164. 59
165. 92
167. 24

168. 56
169. 87
171,17

(b) Inelastic scattering to 4.433-MeV state of carbon-12

Differential
cross section,
do/dn,
mb/sr

056 |

. 82910, 026
. 436+0. 025
. 74040, 024
. 566+0. 023
. 454+0. 023

W W W b

. 90240, 026
. 86940, 030
. 976+0. 032
. 82510. 036
919+0. 038

[«2 TN IS B -]

. 44710, 039
.762+0.038
.616+0. 035
.35910. 031
.0270. 029

W b B -3

. 435+0. 025
. 679+0. 028
. 313£0. 047
. 369+0. 042
. 949+0. 066

o B NN

11. 56x0. 059
14, 414+0. 089
16. 20+0. 062
16. 2340, 103
16.73+0. 075

13.09+0.071
10. 5240. 052
8.026+0. 059
6. 693+0. 044
6.834+0. 046

8. 54240, 051
11.68+0.061
16. 770, 073
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TABLEI. - Continued. DIFFERENTIAL CROSS SECTIONS AND STATISTICAL

EFFORS FOR SCATTERING OF 42-MeV ALPHA PARTICLES BY CARBON-12

Center-of-
mass
scattering
angle,
fcm’
deg
19. 50
22.25
24.98
27.172
30. 44

33.16
35.33
37.21
38. 56
39.90

41.24
42. 58
43.91
45,24
46. 57

47. 89
49. 21
50. 53
51.84
53.15

54. 46
55.76
57.06
58. 35
59. 64

60.92
62.20
63.48
64.75

(c) Inelastic scattering to 7. 65-MeV state of carbon-12

Differential
cross section,
do/dg,
mb/sr

3.121+0. 056
2. 247+0. 044
.768x0. 030
. 143+0. 006
. 588+0. 014

. 54710. 022
. 11340. 027
. 207+0. 024
.836+0. 024
. 685+0. 046

ot DD

1. 107+0. 020
. 688+0. 022
.375+0.011
. 204+0. 016
. 142+0. 007

. 2460, 013
. 415+0. 010
. 578+0. 027
. 844+£0. 011
1. 047+0. 028

1.025+0. 012
. 94510, 036
.889+£0.012
. 801+£0. 033
. 529+0. 008

. 49240, 026
. 339+0. 008
. 323+0. 021
. 358+0. 007

Center-of-
mass
scattering
angle,
gcnﬁ

deg

66.02
67.28
68.53
69.178
71.03

72.27
73.50
74.13
75.96
7. 17

78.39
79. 59
80.79
81.99
84, 36

86.71
89.03
91.32
93.59

98. 04
100. 23
102. 39
104. 52
106. 62

108.69
110. 74
112.75
114.74

Differential
cross section,
do/dQ,
mb/sr

0.478+0. 026
. 580+0. 009
.704x0.031
. 799+0. 009
. 887+0. 036

. 900+0. 009
. 9580, 037
.751+0. 009
.702+0. 032
.637+0. 008

. 562+0. 029
. 52020. 008
.488+0. 027
. 53510. 007
. 526+0. 007

. 546+0. 008
. 44420, 007
. 2590, 005
. 11020, 004

95.83 0. 0292+0. 0025

. 0476+0. 0030
. 132+0. 004
. 207+0. 005
. 231+0. 005
. 182+0. 005

. 11040. 005
.0116+0. 0026
.0227+0. 0030

. 0964+0. 0053

Center-of-
mass
scattering
angle,
Gcrn’
deg

116. 69
118. 62
120. 52
122. 39
124. 26

126. 04
127.77
129.63
131.31
132. 97

134.65
136. 33
138.00
139. 57
141. 12

142. 71
144. 25
145,77
147. 24
148.75

150. 18
151. 66
153.09
154. 44
155. 83

157.21
158. 56
158.91

Differential
cross section,
do/ds,
mb/sr

0.526+0.010
. 78340, 011
.523+0. 011
.579+0. 012
.826+0.013

. 70410, 012
.467+0.012
. 209+0. 009
. 150+0. 008
.339£0. 011

.21920.011
. 140+0. 011
. 507£0.015
.618+0.016
. 519+0. 016

. 358+0. 015
. 203%0. 015
. 350+0. 018
. 176x0. 016
. 309x0.018

. 2680. 026
. 719+0. 024
. 888£0.033
1. 24920. 033
1. 362+0. 049

1. 3760. 029
1.574+0. 072
. 95040. 045
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TABLE 1.

- Concluded. DIFFERENTIAL CROSS SECTIONS AND STATISTICAL

ERRORS FOR SCATTERING OF 42-MeV ALPHA PARTICLES BY CARBON-12

Center-of-
mass
scattering
angle,
ecm’
deg
19.74
22.52
25.29

28. 06
30. 82

33. 56
36. 30
37.67
39.03
40, 39

41.74
43. 10
44,45
45.179
47. 14

48. 48
49, 81
51. 14
52. 47
53. 80

55. 12
56. 43
57.74

(d) Inelastic scattering to 9.61-MeV state of carbon-12

Differential
cross section,
do/de,
mb/sr

10. 09+0. 11
.69+0. 10
. 14+£0. 10
.78+0.03
7240. 03

W W a3 00

25+0. 04
.62+0.05
. 03+0. 04
90+0. 04
01+0. 09

O W Wow

. 5410. 05
34+0. 05
28+0. 03
33+0.08
75+0. 04

@ o

.41+0. 04
. 87£0. 04
02+0. 05
. 35+0. 02
. 12+0.03

N NN DN W

1, 99+0. 02
.91+0.05
2. 14+0. 02

[y

Center-of-
mass
scattering
angle,

% em’
deg

59. 05
60. 36
61.65
62. 95
64. 24

65. 52
66. 80
68.07
69. 34
70.60

71.86
73.11
74. 36
75.60
76.84

78.06
79.29
80. 50
82.92
85. 31

87.617
90. 01
92.32

Differential Center-of-
cross section, mass

do/dQ, scattering
mb/sr angle,
ecnr
deg
1.90+0. 05 94. 60
2.18+0. 02 96. 86
1. 96+0. 05 99.08
1.98+0. 02 101. 28
2.10+0. 05 103. 45
1.52+0.03 105. 58
1.35+0. 04 107. 69
1.26+0. 02 109. 77
0. 969+0. 036 111.81
.680+0.011 113.83
.627+0.031 115.81
.517+0.010 117.77
. 64010, 030 119.69
.637+0.012 121.58
.788x0.034 123.45
.979+0. 013 125. 29
1.13+0. 04 127.08
1.10+0. 02 128.83
1.42+0. 02 130. 59
1. 360,02 132. 28
1. 17+0. 02 134. 00
0.961+0. 012 135. 64
.916+0. 011 137. 26

Differential
cross section,
do/ds,
mb/sr

0 847+0.011
. 984+0.012
1. 10+0. 02
1. 14+0. 02
1. 68+0. 02

1. 52+0.02
1. 19+0. 02
.904+0.015
1. 36+0. 02
. 290,02

—

. 22+0.02
. 62x0. 02
. 550,02
.71+0. 02
. 82+0.02

—- e e

1.78+0. 02
1. 100, 02
1.27+0. 02
.99240.019
.793+0.019

1. 2910, 02
1. 3510. 03
1.39+0.03
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TABLE II. - EXPERIMENTAL RESULTS OF

CARBON-12 (q,

Scattering angle

for alpha par-
ticles in center-
of-mass system,
Qaf
26.55
31.80
37.01
42.18
47. 31

52.38
57.40
62.35
67.24
72.05

76.179
81.45
86.01
29.18
34.41

39.60
44.75
49.85
54.90
59. 88

64. 80
69. 66
74.43
79.13
83.74

88. 27
90. 50
94. 88

Symmetry angle
of alpha-gamma
correlation func-
tion,
90
7.81x2. 43
47. 062, 42
66. 27+5. 33
78.60+2. 17
3.38+£1.72

35.02+5. 20
63. 86=+3. 40
61.21+7. 90
38.99x2. 34
51. 16+1. 21

60. 75+2. 86
57. 25+2. 89
57. 23+5. 44
23.60+1. 90
60.47+1.74

71.53+1.02
85.71+1. 60
15.20=1. 87
51. 48+4. 48
64. 12+3. 30

31.97+3. 48
41. 57+2. 42
54.52+1. 84
51.57+43.01
55. 47+2. 17

56. 56+2. 56
53.6911. 14
60. 73+1. 27

@4 433 MeV

Ratio of iso-
tropic to
anisotropic
component,
A/B

0. 1310. 068

.25+0.074
0+0. 03

0. 024+0. 058
0+0. 03

. 314+0. 179
. 097+0. 098
1.95+1. 15

.079=0. 069
. 061+0. 035

.083+0. 081
.238x0.093
.413+0. 218
. 264+0. 066
. 121+0. 051

0+0. 03

0+0. 03
. 128+0. 055
. 2200. 135
. 352+40. 125

. 409+0. 139
. 13910, 067
. 12540, 050
.601+0, 144
. 338+0.077

.093+0. 072
. 059+0. 032
0+0. 03
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TABLE III. - RESULTS OF OPTICAL MODEL CALCULATIONS FOR 41-MeV ALPHA

PARTICLES SCATTERED BY NICKEL-58

Diffuseness Radius of Goodness

Potential| Real Imaginary | Diffuseness Radius of
strength, | strength, | of real po- { of imaginary real po- |imaginary | of fit per
v, w, tential, potential, tential, potential, { data point,
2

MeV MeV a, a;, ro T x“/N
( fm fm fm fm
24.0 13.0 0.420 |  ----- 1.99 | ----- 48.8
!
! B 37.16 | 13.27 452 | oo 1.846 | ----- 20. 6
1 C 37.11 13. 26 .451 ) ----- 1.846 ———- 20.6
' D 82.73 15.03 RV A A B e 1.767 | ----- 23.4
% E 199.1 42,17 650 [ ----- 1.262 | ----- ———
r
i F 31. 46 15.178 . 375 0. 246 2.00 1.926 19. 8

NASA-Tangley, 1969 —— 24 E '5033
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